Older adults show a positivity bias in tasks involving emotion and self-referential processing. A critical network that is involved in self-referencing and shows age-related decline is the default network (DN). The purpose of the current study was to investigate age differences in pre-and post-task DN functional connectivity (FC) and signal variability, and to examine whether they are predictive of the positivity bias in self-referencing. We measured FC and within-subject variability of the DN in resting-state scans preceding and following tasks involving personality judgements on the self and a close other. Older adults endorsed more positive traits than younger adults on both tasks. FC was weaker post-task in older vs younger adults, and younger adults had greater variability than older adults in DN nodes. Younger adults with higher post-task DN variability had more negative self-ratings. For both age groups, greater FC in the DN was associated with more negative self-ratings. Neither FC nor variability was related to other ratings, despite the potential for self-processing when making other judgements. Our findings suggest that ageing leads to reduced FC and variability in the DN, which is most apparent after task, and may be one mechanism underlying the positive bias with age.
INTRODUCTION
Unlike many cognitive functions that decline with age, older adults perform comparably to young adults on tasks involving self-judgement and perspective taking (Keightley et al., 2006; Ruby et al., 2009) , and show a benefit in their memory for items that are self-relevant, as do younger individuals Glisky and Marquine, 2009) . Despite preserved social and emotional cognition with age, differences emerge in the biases that young and older adults express in response to emotionally valenced information. In general, young adults have better attention to and memory for negative items, whereas older adults are biased towards positive over negative and neutral information Mather and Carstensen, 2003; Kennedy et al., 2004; Thomas and Hasher, 2006; Mikels et al., 2008; Spaniol et al., 2008) . This effect in older adults is known as the 'positivity' effect. According to the socioemotional selectivity theory (SST), the switch from a negative to positive emotional bias over the lifespan results from a shift in motivational goals that occur as older adults realise that the end of life is near (Carstensen et al., 1999 . It is believed that this switch causes older adults to engage in cognitive control processes that reduce negative effect and maintain positive affect (for discussion see Mather and Carstensen, 2005) . One specific type of controlled mechanism that may contribute to the positivity effect in older adults is their increased tendency to process positive information in a self-referential manner (see Kensinger and Leclerc, 2009 
for review).
Neuroimaging results demonstrate that self-referential processing contributes to the positivity effect in older adults. Research has shown that brain regions that are important for processing information in reference to oneself, including the ventral medial prefrontal cortex (vmPFC), anterior cingulate cortex (ACC) and precuneus (for review see Northoff and Bermpohl, 2004) , are more active in response to negative information in the young (Leclerc and Kensinger, 2008) and more responsive to positive information in older adults Kensinger and Schacter, 2008; Leclerc and Kensinger, 2008) . Greater recruitment of midline structures for older adults was also correlated with better memory for positive items (Kensinger and Schacter, 2008) . These findings suggest that older adults are more likely to process positive information in relation to themselves than are younger adults, and this type of self-referential processing may be a factor in older adults' positivity bias.
Although the neuroimaging work regarding self-referential processing and ageing mentioned above, as well as other studies on emotion in older adults, Ritchey et al., 2011; Winecoff et al., 2011) have focused mainly on activity within specific brain regions, there has been much attention recently on the identification of largescale brain networks in resting-state and task-based functional magnetic resonance imaging (fMRI) studies (Biswal et al., 1995; Greicius et al., 2003; Damoiseaux et al., 2006) . A network that has been frequently reported in these studies is the default network (DN), which consists of a group of brain regions that are highly interconnected functionally, including the vmPFC, ACC, posterior cingulate cortex (PCC), retrosplenial cortex, angular gyrus and regions of the medial temporal lobe (MTL, Greicius et al., 2003 Greicius et al., , 2004 Fox et al., 2005; Buckner et al., 2008; Toro et al., 2008; Grady et al., 2010) . The DN is often associated with tasks that involve social cognition (Buckner and Carroll, 2007; Schilbach et al., 2008; Grigg and Grady, 2010a; Spreng and Grady, 2010) and many of the areas that make up the DN, as described earlier, are also recruited during tasks that require self-referential processing. For example, the vmPFC is engaged during the execution of theory of mind tasks and when making decisions about one's self (Craik et al., 1999; Kelley et al., 2002; Fossati et al., 2004; Mitchell et al., 2009; Spreng et al., 2009; Andrews-Hanna et al., 2010; Gutchess et al., 2010) , and the MTL and midline parietal cortex are associated with autobiographical memory retrieval (Addis et al., 2004; Levine et al., 2004; Burianova and Grady, 2007) . Heightened activity within the DN has also been linked to depression (Greicius et al., 2007; Sheline et al., 2009; Hamilton et al., 2011; Zhu et al., 2012) and specifically relates to negative rumination and maladaptive selfreflection (Hamilton et al., 2011; Zhu et al., 2012) . Because the DN supports self-referential processing, including negative self-reflection, it is an important network to consider when investigating the positivity effect in ageing.
Furthermore, the DN is altered with age, and these changes may contribute to the reported shift away from negative information towards positive information. For instance, when carrying out an external task older adults fail to deactivate the DN to the same degree as younger adults Persson et al., 2007; Esposito et al., 2008; Park et al., 2010) and functional connectivity (FC) of the DN at rest is significantly reduced in older compared with younger adults (Andrews-Hanna et al., 2007; Hedden et al., 2009; Grady et al., 2010; Park et al., 2010; Allen et al., 2011) . In addition, FC of the DN is weaker for older vs younger adults during tasks that require selfreference . Findings such as these suggest that the DN is sensitive to ageing, and perhaps, such age-related differences in the DN may underlie changes in self-referencing that are reflected in the positivity effect in older adults.
Although no study to date has investigated whether age-related changes in the DN at rest relate to self-referential processing, research has shown that FC between DN regions at rest is linked to scores on neuropsychological tests administered outside of the scanner (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Wang et al., 2010) , as well as on memory and attention tasks administered in a later functional run (Hampson et al., 2006; Kelly et al., 2008; Wang et al., 2010; Sala-Llonch et al., 2012) . Recent work has demonstrated that resting-state FC of the DN can be modulated by preceding task demands, including language (Waites et al., 2005; Hasson et al., 2009) and self-referencing (Grigg and Grady, 2010b) tasks. Areas that are involved in task-related processing are the areas with post-task modulations of resting-state FC, and this modulation is related to behaviour (Stevens et al., 2010; Tambini et al., 2010) . In summary, resting-state FC is dynamic and both pre-and post-task FC may be as relevant to behaviour as activity measured during the task.
Most of the studies cited above have focused solely on age differences of mean activity or FC across regions within a network, yet more recent findings have established the importance of the inherent variability of fMRI signals (i.e., the blood oxygen-level dependent (BOLD) responses). Variability of brain function, including within-subject variability of the BOLD signal, is believed to reflect greater neural efficiency and enhanced information processing (for a review see Garrett et al., 2013) . BOLD variability is reduced with age, and this reduction is related to poorer task performance, consistent with the idea of an age-related reduction in the dynamic range of neural processing (Garrett et al., , 2011 (Garrett et al., , 2012 . Indeed, variability in BOLD responses was reported to be more predictive of behaviour than mean activity on tasks involving perceptual and working memory function . Although BOLD variability has not been examined in the context of social cognition, reduced variability in older adults could limit the efficiency of the DN and in turn impact selfreferential processing in older adults. Thus, a full exploration of cognitive ageing is likely to require inclusion of measures of mean activity, FC and variability.
The present study sought to determine whether there are age differences in the influence of prior tasks on the DN and whether these modulations are predictive of self-referential processing in young and older adults. We used a multivariate approach (partial-least squares (PLS), McIntosh et al., 1996; McIntosh and Lobaugh, 2004) to assess the whole-brain FC of the vmPFC and PCC both before and after participants engaged in a series of self-referential and non-self tasks (Grigg and Grady, 2010b) . The self-related tasks involved personality judgements of the self and a close other, so that the latter might resemble the former in its relation to FC to the extent that it involved some dependence on self-reference. We previously found that mean activity in the DN did not differ between these two conditions in either young or older adults (Grigg and Grady, 2010b; Grady et al., 2012) . Having two seeds, one in the anterior cortex and one in the posterior cortex, allowed us to examine whether age effects in the DN were similar regardless of seed choice. On the basis of previous studies showing that the functional integrity of the DN declines with age, both at rest (Andrews-Hanna et al., 2007 , Hedden et al., 2009 Park et al., 2010; Allen et al., 2011) and during a self-reference task , we hypothesised that older adults would show a reduction in their FC of the DN when compared with younger adults, and that this reduction would be most pronounced during the post-task resting state, in line with evidence that older adults are less efficient at modulating network activity (Goldberger et al., 2002; Garrett et al., 2012) . We also expected to replicate our earlier work (Garrett et al., , 2011 , by finding reduced variability in DN nodes in older relative to young adults.
To assess whether FC (pair-wise correlation between the PCC and vmPFC) and variability [standard deviations (s.d.) of BOLD] were predictive of self-referential processing, we computed individual measures of each variable and investigated their relationship to behaviour. We expected that FC and variability of the DN would be related to behavioural measures, based on prior work showing such relations between resting FC and behaviour (Hampson et al., 2006; Kelly et al., 2008; Wang et al., 2010) and earlier studies reporting that variability in brain activity was a significant predictor of performance (Garrett et al., 2012) . We predicted that stronger FC and greater variability of the DN would be associated with more negative judgements about the self and perhaps also with negative assessments of a close other, reflecting age reductions in FC and variability as well as an age increase in positive judgements. This hypothesis was based on prior work whereby heightened activity within the DN was associated with higher rates of negative self-referencing and depression (Greicius et al., 2007; Sheline et al., 2009; Hamilton et al., 2011; Zhu et al., 2012) . Our aim was thus to demonstrate a relationship between resting FC, and/or variability of the DN, and self-referencing, to test the hypothesis that intrinsic DN function would be associated with valence biases in younger and older adults.
METHODS

Participants
A total of 20 young adults and 20 older adults participated in the study. One young adult and three older adults were removed from the analysis due to technical problems or excessive movement. Of the 17 older adults, only the second resting-state run could be used for two older adults due to technical problems during the first run. Behavioural data on the tasks were unavailable for 1 young and 3 older adults, leaving 18 young and 13 older adults available for the analyses assessing the relation between brain and behaviour.
Older adults were healthy with no reported history of diabetes or untreated hypertension. They scored within the normal range (!26 out of 30) on the Mini Mental State Exam (Folstein et al., 1975) . Older adults had a similar level of education to younger adults and had higher scores on the Mill Hill Vocabulary Test (Raven et al., 1988; see Table 1 ). All participants were right handed and provided informed consent. The Research Ethics Board of Baycrest Centre approved this study.
Scanning session
The entire scanning session lasted $1 h and 10 min and consisted of a high-resolution structural scan followed by 10 functional runs.
The first and last run were resting-state runs (5:40 min), where participants were instructed to lie still in the scanner with their eyes closed, relax and to think of anything that came to mind, but not to fall asleep. They were questioned after scanning to ensure that they had stayed awake.
Eight functional task runs were administered between the two resting-state runs. There were four task types: self-reference, otherreference, vowel identification and motor. In each task, a personality trait word was presented on a screen along with a prompt for how to respond. The personality trait words consisted of an equal number of positive, neutral and negative words, based on valence ratings previously established by Anderson (1968) . The self-condition required participants to judge whether a word represented them or not, the other condition asked subjects to decide whether the word represented someone they knew well and the vowel identification required identifying whether the third letter from the end of the word was a vowel, and in the motor task, participants pressed the first or second key depending on whether the number 1 or 2 appeared on the screen. For a full description of the tasks and of task-related brain results, please refer to Grady et al. (2012) . 
Image acquisition
Data preprocessing
Pre-processing was performed with Analysis of Functional Neuroimages (AFNI) software (Cox, 1996) and included physiological correction for pulse and respiration (Glover et al., 2000) , slice timing and rigid body motion correction, spatial normalisation to the Montreal Neurological Institute (MNI) template (re-sampling to 4-mm isotopic voxels) and smoothing (full width half-maximum, 6 mm). White matter and CSF signals were regressed out of the data .
Because motion has recently been shown to influence measures of FC (Power et al., 2012; van Dijk et al., 2012) , we removed images that appeared to be influenced unduly by motion, even after motion correction ('spikes'). We took an approach similar to that described by Power et al. (2012) , who removed images that were determined to be outliers on the basis of the six motion parameter estimates recorded for each subject and were displaced based on assessing voxel intensity changes in each brain volume, across each time course. We tested for outliers by identifying and removing time points that were outliers in both the six rigid-body motion parameter estimates (MPEs), and in the fMRI signal using a multivariate approach. For an fMRI data matrix X fmri (with dimensions N voxels Â N time ) with a matrix of MPE time courses X mpe (6 Â N time ), we carried out the following adaptive and robust procedure on the pre-processed time courses for each participant:
(i) (We decomposed X fmri and X mpe using principal component analysis (PCA) and represented the data in principal component (PC) space coordinates as Q fmri (with dimensions N time Â N time ) and Q mpe (6 Â N time ). This step reduces the dimensionality of the data. (ii) For each PC-space data point q t (1 t N time ), we computed the median PC-space coordinate vector q med(t) in a 15-TR time window centred at t. We then obtained the squared Euclidean 
Resting-state FC analyses
Image analysis was performed using PLS (McIntosh et al., 1996; McIntosh and Lobaugh, 2004 ) a multivariate analysis approach. A type of PLS analysis, known as seed-PLS, robustly identifies spatiotemporal patterns that are correlated to regional neuronal activity in a seed region as a means to assess FC. This approach is similar to other multivariate techniques, such as PCA, where latent variables (LVs) are extracted to explain the covariance between groups/conditions and brain activity. Before analysis, we performed a temporal re-sampling of the time series, in which we averaged each consecutive 5 vols., to produce 30 vols. (TR ¼ 10 s each). We then normalised each block to the first volume of that block and averaged all volumes of that block (Grigg and Grady, 2010b) . This method of averaging produced an effective low-pass filter of 0.1 Hz and reduced temporal noise.
In seed-PLS, a correlation matrix is derived between seed activity and the activity of all other brain voxels for each block, calculated across subjects. In seed-PLS, the signal in a reference region is correlated with activity in all other brain voxels to assess the seed's FC (McIntosh, 1999) . The correlation matrix is decomposed using singular value decomposition to generate LVs, which consist of orthogonal patterns of FC, for each group across blocks. Because the decomposition of the data matrix is done in a single analytic step, no correction for multiple comparisons is required. Each brain voxel has a weight, known as a salience, which is proportional to the covariance of the voxel's activity with the FC pattern for each specific LV. A 'brain score' was calculated for each participant, which is similar to component scores in PCA, by multiplying each voxel's salience by the BOLD signal in the voxel and summing over all voxels for each participant for each block on a given LV. The significance of each LV as a whole was determined using 500 permutation tests on the singular value associated with each LV (McIntosh et al., 1996) . To determine the reliability of each voxel's salience to the LV, saliences were submitted to a bootstrap estimation (100 bootstraps) of the standard errors (SE, Efron, 1981) . Voxels were considered reliable if the ratio of salience to the SE for that voxel [bootstrap ratio (BSR)] exceeded j3.0j, which approximates a 99% confidence interval. Clusters of activity were identified if they met the BSR threshold, had a cluster size of at least 20 voxels and a minimum 10 cm distance between peaks. The maxima of these locations are reported as coordinates in MNI space.
PLS analyses were performed using the two seed regions from the DN: the vmPFC (À4 48 À12) and PCC (À4 À48 28). The coordinates for the DN regions were identified from previously reported task analyses . For each seed analysis, we contrasted young and older adults at pre-and post-task rest. The seed analysis involved extracting the mean signal for the seed voxel and correlating this with the signal in all other brain voxels across participants in each group at pre-and post-task rest. To provide a measure of how strongly seed activity covaried with the pattern of activity seen on each LV, correlations between brain scores and seed activity were computed for each group. Reliability of these correlations (confidence intervals of 95%) was calculated from the bootstrap procedure. To examine whether the distribution of correlations for a resting run significantly differed between groups, we used a non-parametric independent samples Mann Whitney U-test. A Wilcoxon signed ranks test was used to establish whether the distribution of correlations differed within each group between pre-and post-task rest.
Brain behaviour relationships
In order to assess brain/behaviour relations, we needed to obtain individual measures of FC in the DN (the PLS analysis calculates correlations across participants). For these individual measures of FC, we calculated the within-subject correlations of activity between the PCC and vmPFC for the DN over the 30 blocks for each resting-state run (pre-and post-task). To assess variability in each seed, we calculated the within-subject s.d. of activity in each seed across the 30 time points for pre-and post-task resting-state runs. Independent samples t-tests were carried out to establish whether differences existed in the strength of correlations and variance in brain activity between the age groups. To determine whether age and/or s.d.-predicted FC between the DN seeds, backward stepwise multiple regressions were run separately for pre-and post-task measures.
Finally, to assess whether brain measures predict behaviour, we first computed correlations between seed FC/s.d. measures and self/other ratings. To obtain a measure that incorporated ratings for both positive and negative traits, we used a difference score, i.e., the proportion of 'yes' responses to positive trait words minus the proportion of yes responses to negative trait words. This was done separately for self and other trials, generating two behavioural measures: one that captures the degree to which a participant endorsed positive self-traits and the second the degree to which a participant endorsed positive other traits. For these behavioural measures, a larger score indicated a stronger tendency to endorse positive personality traits for the self or the close other. Brain measures that were significantly correlated with behaviour were then entered into backward stepwise multiple regressions, along with age and the interaction of age with each measure. Table 1 provides a summary of the proportion of yes responses (positive minus negative) in the self and other conditions. These ratings were analysed with a 2 (age group) by 2 (task) analysis of variance (ANOVA), which revealed a significant main effect of age group (P ¼ 0.001). Neither the effect of task (P ¼ 0.11) nor the task Â age interaction (P ¼ 0.20) was significant. Post hoc analyses found that older adults had a greater proportion of yes responses (a larger proportion of positive to negative endorsements) in both the self (P ¼ 0.014) and other (P ¼ 0.005) conditions, reflecting the expected positivity bias in the older group.
RESULTS
Behaviour
Resting-state FC
Resting-state FC of young and older adults during pre-and post-task rest was examined using separate seed-PLS analyses for the vmPFC and PCC nodes of the DN. In each analysis, the first LV accounted for the greatest amount of covariance; subsequent LVs each accounted for <4% of the covariance. As a result, only the first spatiotemporal FC patterns for each seed-PLS analysis will be reported.
For the vmPFC seed analysis, the first LV (P < 0.001, 35% covariance) revealed a pattern of DN areas that positively covaried with the vmPFC across both resting states, for both young and older adults ( Figure 1a) . The areas that covaried with the vmPFC included regions currently thought to comprise the DN, such as the PCC, superior frontal gyrus, angular gyrus, middle temporal gyrus and hippocampus (Table 2) . Despite the relatively robust FC of this network in both age groups (Figure 1c ), there was a trend for weaker FC post-task in older compared with younger adults (P ¼ 0.062), while no significant agedifference was observed at pre-task rest (P ¼ 0.745). FC in young adults increased in strength over time, with stronger FC post-task relative to pre-task rest (P ¼ 0.047). In contrast, no significant difference between rest scans was observed for older adults.
The first LV in the PCC seed analysis was significant (P < 0.001, 40% covariance) and showed a pattern of positive covariance with the PCC (Figure 1b and d) . Regions correlated with the PCC incorporated DN areas and showed a pattern of FC similar to that identified with the vmPFC (Table 2 ). The pattern of FC for the PCC was comparable in strength at pre-task for young and older adults; however, at post-task, older adults had weaker FC of the PCC pattern compared with younger individuals (P ¼ 0.025). Both young and older adults maintained a similar level of FC for the DN across pre-and post-task rest.
Individual DN measures and regression analyses
When examining the FC, correlations between vmPFC and PCC across the resting state did not differ between younger and older individuals at pre-task rest (P ¼.78), but did differ at post-task rest (t(32) ¼ 2.49, P ¼ 0.018), with correlations being weaker in older compared with younger adults (Figure 2a) . Therefore, consistent with the PLS results, young adults had stronger FC post-task between the two DN seeds than did older adults. In terms of the within-subject variability in vmPFC and PCC activity (Figure 2b ), s.d. for the DN seeds were greater in younger compared with older adults before (t(32) ¼ 2.98, P ¼ 0.005) and after tasks (t(32) ¼ 3.54, P ¼ 0.001). That is, the younger adults have more variable brain activity (larger s.d.) in these DN nodes than older adults, consistent with prior work (Garrett et al., 2012) .
Backward stepwise multiple regressions were conducted to determine whether age and/or brain variability measures would predict resting-state correlations between vmPFC and PCC. A separate analysis was generated for each resting-state run (pre-and post-task rest) using three predictors: mean variability across the two seeds, age group and the interaction of mean variability and age. The results of these analyses revealed that the final models for pre-task rest (adjusted R 2 ¼ .17, F(1, 29)¼7.00, P ¼ 0.013) and post-task rest (adjusted R 2 ¼ .41, F(1, 29)¼22.06, P < 0.001) were significant. Pre-task variability within the DN seeds predicted the resting vmPFC-PCC correlations before the tasks ( ¼ 0.44, P ¼ 0.013) and post-task variability predicted these correlations after the tasks ( ¼ 0.66, P < 0.001). In both cases, greater variability was associated with larger correlations between the DN regions. In these models, neither age nor the interaction of age and s.d. was a significant predictor of correlations between the DN seeds. Therefore, brain variability across resting-state runs was a significant predictor of resting-state connectivity for the DN for both age groups.
To narrow down our focus regarding which brain variables would predict behaviour, we first examined the correlations between self-ratings (positive minus negative yes responses for judgements about the self) and other ratings (positive minus negative yes responses for other-related judgements) and brain measures (pre-and post-task correlations between the vmPFC and PCC and pre-and post-task withinsubject s.d. of the vmPFC and PCC). Self-ratings were significantly correlated with post-task FC between the vmPFC and PCC (r(31)¼ À0.495, P ¼ 0.005) and pre-(r(31)¼ À0.408, P ¼ 0.023) and post-task (r(31)¼ À0.554, P ¼ 0.001) variability scores for the DN nodes. None of the brain measures was significantly correlated with other ratings. As a result, the subsequent regression analysis was carried out solely for the DN measures that related to self-ratings.
To examine the relationship between self-ratings and DN measures, a backward stepwise multiple regression analysis was conducted. The dependent variable was the proportion of yes responses for the self condition, and the independent variables were: age group, post-task correlation between PCC and vmPFC, pre-and post-task variability for the DN seeds and the interaction terms between age and these brain measures. The final model was significant (adjusted R 2 ¼ .321, DN and self-referential processing SCAN (2015)F(2, 28)¼8.10, P ¼ 0.002). Positivity of responses in the self-condition was predicted by two variables, post-task FC between the two DN seeds ( ¼ À0.32, P ¼ 0.065) and the interaction between age and post-task s.d. of the DN seeds ( ¼ 0.39, P ¼ 0.028). As seen in Figure 3 , stronger correlations between the vmPFC and PCC post-task were related to a lower endorsement of positive self-ratings for young and older adults. Greater post-task variability in young adults was also related to more negative self-ratings (Figure 4) , whereas variability in the DN seeds in older adults was not associated with these ratings.
DISCUSSION
Results of the current study demonstrate that the DN shows reduced FC and variability with age and that these DN measures are related to performance during a self-referencing task. Overall, older adults relative to younger adults had weaker FC and reduced variability within the DN, using both anterior and posterior seed regions, and this reduction was most pronounced after the execution of a series of self-relevant and non-self tasks. These results support prior evidence that the DN is susceptible to age-related decline and extends this work to show an inability of older adults to re-engage the DN after cognitive tasks to the same extent as young adults. In addition, stronger DN correlations post-task predicted a more negative representation of self in both groups, whereas greater variability post-task predicted a more negative representation of self only in young adults. These effects were between DN regions at pre-and post-task rest for younger and older adults (error bars represent the within subject standard error of the mean and asterisk represent a significant difference across age groups at P < 0.05). specific to the self-task, as no significant relations between other ratings and brain measures were found. Given that older adults in the current study endorsed a more positive representation of self than did younger adults, consistent with a number of earlier studies on the positivity effect in older adults Mather and Carstensen, 2003; Kennedy et al., 2004; Thomas and Hasher, 2006; Mikels et al., 2008) , our findings provide support for a neural basis of this positivity effect, i.e., reduced FC and variability. Furthermore, our results highlight the importance of measuring variability of the BOLD signal, as FC was driven in part by variability. Previous research has found that young adults modulate restingstate activity following various cognitive tasks (Waites et al., 2005; Albert et al., 2009; Hasson et al., 2009; Lewis et al., 2009; Grigg and Grady, 2010b; Stevens et al., 2010; Tambini et al., 2010) . We previously reported a similar finding in young adults (Grigg and Grady, 2010b) and noted that resting DN FC was both spatially and temporally variable after tasks. Here we found that older adults had weaker FC compared with younger adults, which was more prominent after task. Although we found pre-task FC of the DN to be similar across age groups, the decline in connectivity post-task remains consistent with the literature. Earlier studies have documented that DN activity is reduced in older adults during the execution of a task (Park et al., 2010) and during periods of rest embedded within a task (AndrewsHanna et al., 2007; Grady et al., 2010) . Our result would suggest that this age difference observed in the DN might reflect a failure to fully reestablish FC, even following a series of relatively easy decision-making trials. As seen in Figure 2a , the correlations between the vmPFC and PCC become significantly reduced at post-task rest in older adults, whereas younger adults maintain the same amount of post-task FC as pre-task levels. The current results extend previous findings by establishing that age differences in FC of the DN are enhanced after cognitive processing. This demonstrates that the DN is more vulnerable to age-related decline and that this vulnerability becomes much more apparent after a cognitive challenge.
The age differences that were observed at post-task rest are likely to reflect changes that are the product of both self and non-self referential tasks, as both were administered prior to the resting-state scan. Selfreferential processing in the current study, as published previously , activated regions associated with the DN, such as the vmPFC, PCC, ACC, parahippocampal gyrus and angular gyrus, although this activation was reduced in older adults. The coordinates chosen as representative seeds of the DN were selected from the results of those prior task analyses to ensure that the regions of interest were actively being recruited during the intervening task. Consequently, the age differences observed in post-task rest relative to pre-task rest may be the result of different modulation of this network during self-referential vs non-self task conditions across age groups. Resting-state networks are dynamic, and cognitive activity appears to produce modulations of FC in these networks as well as enhance age differences in connectivity.
Compared to younger adults, elderly participants had less variable activity in DN nodes for both pre-and post-task rest. It has been suggested that a greater degree of modulation in brain activity, reflected in the variability of the brain signal, is related to a greater dynamic range in FC and to optimal cognitive function (Faisal et al., 2008; Garrett et al., 2010; McIntosh et al., 2010) . These results fit with the hypothesis that ageing leads to less neural complexity and a lack of ability in older adults to respond dynamically to changing cognitive demands (Goldberger et al., 2002; Kyriazis, 2003; Takahashi et al., 2009) . A novel finding was that greater variability was related to stronger FC, suggesting that reduced variability in older adults could be one reason why FC is often reduced with age. Furthermore, this reduction in brain variability cannot be accounted for by a simple effect of time or fatigue because there were age differences in DN variability during pre-task rest. It is therefore possible that variability measures reflect an intrinsic level of neural efficiency that may be more sensitive to age effects than measures of FC.
Within-subject correlations and variability of the BOLD signal involving two main nodes of the DN (i.e., vmPFC and PCC) at post-task rest were predictive of self-ratings but not other ratings, although a relation with both might have been expected given that the other task likely involved some self-reference. This finding might have been due to our focus on the vmPFC and PCC nodes for the FC and variability measures. These midline structures of the DN have been identified as crucial regions for self-relevant processing (Fossati et al., 2003; Uddin et al., 2007) , and some have reported that they show greater activity in response to self vs other conditions (Ochsner et al., 2005; Johnson et al., 2006; van der Meer et al., 2010) . Our result is also in line with clinical work showing an association between negative self thought and greater activity of the DN (Hamilton et al., 2011; Zhu et al., 2012) , which suggests that the DN may be more engaged for thinking about the self, particularly negative aspects of the self, than about other people. Taken together with work finding strong correlations between DN activity and cognitive processing on tasks of memory and attention (Hampson et al., 2006; Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Kelly et al., 2008; Wang et al., 2010; Sala-Llonch et al., 2012) , our results provide evidence that intrinsic FC of the DN at rest is a significant predictor of task performance in both young and older adults, including tasks that assess self-reference.
However, variability only accounted for the negative emotional bias in young adults but did not predict self-ratings for older individuals. Although the older adults clustered towards the lower end of the brain variability spectrum, there was considerable overlap between the age groups on the s.d. measure (see Figure 4 ), indicating that a type of floor effect in the older adults cannot entirely account for a lack of relation between variability and self-ratings. In addition, the somewhat restricted range of the older adults' responses on the self-task may contribute to the lack of relationship found between brain variability and self-ratings. However, this is unlikely to be a major confound, as FC between the vmPFC and PCC did in fact negatively correlate with self-ratings in older adults, suggesting sufficient variability of the behaviour data to assess correlations per se. Therefore, our data indicate that the combined effects of reduced variability and FC of the DN in older adults could account for the positivity bias reported in ageing research, since those older individuals in the current study who showed less variable brain signals and had weaker FC showed a greater endorsement of positive trait words. Indeed, this trend was apparent for younger adults as well, suggesting a general effect that may be present throughout the adult lifespan. Contrary to the currently held view that the positivity bias is the result of a shift in motivational goals and greater emotion regulation in older adults (Mather and Carstensen, 2005; Mather and Knight, 2005) , our findings suggest that the positivity bias may in fact be due to underlying neural changes and lack of flexibility within the DN of older adults.
Finally, it is worth noting that self-ratings were only associated with FC and variability measures obtained after the tasks and not with those obtained prior to task performance. This suggests that the cognitive processes that were engaged during task performance, or the modulations of DN activity induced as a result of alternating tasks and rest periods, have an influence on subsequent resting FC that more closely reflects those processes than does a prior assessment of FC. Considering that various cognitive tasks were administered prior to the resting-state scan, we cannot attribute the effect on self-relevant behavioural measures specifically to self processing during the tasks, but our ability to find such a relation between post-task FC and behaviour demonstrates a robustness of this association despite the limitation in design. Nevertheless, it is likely the case that the influence goes in both directions; i.e., resting FC prior to a task could influence performance on that task, and this performance itself could influence brain activity or FC measured shortly afterwards. Future work will need to determine which influence is typically stronger and/or if such influences are task dependent.
CONCLUSION
We investigated age differences in the DN across resting states before and after tasks and found that those individuals with stronger FC and more signal variability in DN regions after the tasks were more likely to endorse negative personality traits, although these associations were weaker in older adults. Our results add to previous research by establishing that FC within the DN, as a whole, is more susceptible to the effects of ageing after a cognitive challenge. Furthermore, variability in activity was found to be greater in younger adults than in older adults across both resting-state runs. Both of these results are consistent with the hypothesis that ageing leads to less neural efficiency and reduced dynamic range of activity within the DN. Considering older adults show reduced FC and variability of the DN, the positivity bias seen in their socioemotional function may be a reflection of poor neural efficiency of the DN. Future work that seeks to investigate the relationship between DN activity or FC, and task performance should consider variability measures as a significant factor of interest, as stronger FC was significantly associated with greater variability. It would also be of interest to examine whether the positivity effect in memory and attention could be accounted for by age differences in FC or variability in the DN.
